INTRODUCTION Fluopyram (N-(2-[3-chloro-5-(trifluoromethyl)-2-pyridinyl]ethyl)-2-(trifluoro-methyl)benzamide)
, is a new broad-spectrum fungicide belonging to the class of succinate dehydrogenase inhibitors. Fluopyram is non-toxic to mammals, birds, honeybees and duck, slightly toxic to daphnia and freshwater green algae, and moderately toxic, even highly toxic to freshwater fish and marine species (The Health Canada Pest Management Regulatory Agency 2014). Fluopyram is an endocrine disrupting compound on the endocrine systems of human beings and wildlife at trace level Tinwell et al. 2014 ). In addition, it has a negative effect on overall soil microbial activity and changes soil microbial community structure and function (Zhang et al. 2014 ). In soils, fluopyram is persistent and has a potential for long-term accumulation and residue carry over to the following crop season (The Health Canada Pest Management Regulatory Agency 2014).
Although in our previous study, the photolysis of fluopyram has been studied under the various environmental condition such as exist pH, TiO 2 , and Fe(III) (Dong and Hu 2016) , it have not identified the photolysis products of fluopyram in much details when exist TiO 2 . In addition, TP I is one of the main photolysis product of fluopyram that was containing 8-membered cyclic organic compound. No previous study has investigated the mechanism to formation 8-membered cyclic organic compound under the room temperature in water.
Heterogeneous photocatalysis has been proven to be effective for the degradation of a variety of toxic substances, including insecticides, fungicides and herbicides, under artificial or solar irradiation (Berberidou et al. 2015 ; Stamatis et al. 2015) . However, many target compounds were not completely mineralized during the photocatalytic reaction time (Šojić et al. 2009; Yang et al. 2010 ). Diverse studies have proven that some of pesticide TPs, including the photocatalytic by-products, are more abundant, toxic and/or persistent than their parent compounds (Boxall et Quantum chemistry calculation using density functional theory (DFT) was extensively used to compliment the experimental result due to that provides a clear elucidation for the reactive center or breakage of chemical bond such as atomic charges, natural bond orbitals (NBO) and bond order of molecular structures (Jung et al. 2018 ). Ab initio molecular dynamics (AIMD) method were considered a state-of-the art approach to describe the chemical processes in solution , Pavlova 2012 ). In present study, DFT and AIMD method were carried out to illustrate the translation reaction of Fluopyram in water.
The objectives of this work were therefore to (i) identify the TPs of fluopyram issued from photocatalytic degradation in 100 mg L -1 TiO 2 suspensions under simulated solar light irradiation using HPLC-MS/MS and the DFT method, (ii) propose a photocatalytic degradation pathway and describe the degradation pathway using DFT and AIMD method, and (iii) assess the potential toxicity of the resulting TPs using an in silico quantitative structure-activity relationship (QSAR) approach.
METHODOLOGY 2.1 Experimental details
Fluopyram (99.4% purity) was obtained from the Sigma-Aldrich Trading Co., Ltd (Shanghai, China). Chromatographic grade acetonitrile and acetone was purchased from Thermo Fisher (Beijing, China). Ultrapure water was prepared by a Milli-Q system (Bedford, USA ). In order to easily find and identify the TPs, 2 mL the standard stock solu --------------------------------------------------- TPs were analyzed by an Agilent 1260 HPLC coupled to an Agilent 6420 triple quadrupole mass spectrometer with electrospray ionization source (ESI). An Agilent SB-C18 analytical column (50 mm × 3.0 mm i.d., 2.7 μm) was used for separation of TPs and was maintained at 30 °C. The mass spectrometer was operated under positive/negative ionization mode. The mobile phase was a mixture of water and acetonitrile flowing at 0.3 mL min -1 in gradient elution conditions: The percentage of acetonitrile was 35% at 0 min and maintained for 1.5 min, increased to 80% at 3.0 min and hold for 1.0 min, then returned to the initial 35% acetonitrile at 6.0 min and kept for 5 min. The mass spectroscopy (MS) detection conditions were as followed: drying gas temperature was 350 °C , drying gas flow was 10 L min -1 , and nebulizer gas (N 2 ) pressure was 45 psi. MS/MS scan mode was conducted at fragment voltage of 135 eV with mass scan range of 50-500 amu at preliminary screening of products. In the MS/MS experiments, the collision energy (CE) for each compound was held at 20 eV with mass scan range of 50-500 amu. . The electron exchange and correlation energies are carried out the generalized gradient approximation of the Perdew-Burke-Ernzerhof (GGA-PBE) functional (Perdew, 1996) . The AIMD simulation with canonical ensemble (NVT, constant number of atoms, volume, and temperature) is performed with a time step of 1 fs in a period of 10 ps, 2 × 2 × 2 Monkhorst-Pack k-point mesh (Monkhorst and Pack, 1976 ), a cutoff energy of 520 eV and temperature of 300 K. Then, the AIMD simulation with canonical ensemble (NVE, constant number of atoms, volume, and energy) is performed using the after result model of NVT ensemble.
Computational details
Aquatic toxicity, bioaccumulation factors (BCFs), mutagenicity, developmental toxicity (DT) and acute toxicity to rat of the identified TPs as well as the parent compound were predicted with the ECOSAR v.2.0 and T.E.S.T. v.4.1, which were U.S. Environmental Protection Agency online available toxicity predictive system with QSAR mathematical models.
RESULTS AND DISCUSSION

Identify of the TPs by HPLC-MS/MS
The total ion chromatograms (recorded in the full scan mode) obtained after HPLC-MS/MS analysis are shown in Fig. 1 . Six photocatalytic products were identified on the basis of the mass shifts from the parent molecule, the presence of the peak of the protonated molecule and sodium adduct, the isotopic pattern in the molecular ion and the interpretation of MS/ MS spectra (Dong and Hu, 2016 ) and referred as TP I to TP VI.
- ------------------------------------------------- (Table 1) .
It was concluded that the molecule of the four compounds contain one chlorine and even or zero nitrogen atom on basis of the even molecular weight and intensity of the A + 2 isotopic peaks. These compounds were corroborated by the MS/MS fragmentation spectra observed during product ion scan analysis. TP III and TP IV were identified as 3-chloro-5-(trifluoromethyl)-2-ethylamino-pyridine and 3-chloro -5-(trifluoro-methyl)-2-ethylformamide-pyridine, respectively. TP V and TP VI were hydroxyl group substitution products. The MS/MS fragment ion of TP V and TP VI were compared, the results showed that the nucleophilic substitution taken place on the benzene ring of fluopyram. But the attacked positions were unclear on the benzene ring of fluopyram because the same molecular fragment (m/z 208) was detected for TP V and TP VI. In order to clarify the position of the hydroxy substitution, DFT study was carried out and the results showed in section 3.2. And the formation of molecular fragment (m/z 225) suggested that the substitution of hydroxyl had an effect on fragmentation of TPs.
Analysis of NBO for Fluopyram
The positions of the hydroxy addition on the benzene ring were further verified using the quantum chemistry calculations (Fig. 2) .
The natural charges of C atoms on the benzene ring was shown at Fig. 2 . As shown in Fig. 2 , on the benzene ring, the natural charges of the C2 and C5 atoms were 0.220 and 0.010 with positive values and C3 and C4 atoms were -0.239 and -0.274, respectively. The bond orders of the CO and benzene bonds (labeled B CO-Ar ), and CH 2 and NH bond (labeled B CH2
-N ) were also calculated by DFT/meta-GGA (M11-L) on the basis set of DNP and basis file 4.4. The results showed that OH-5 more hardly degraded to small molecular with higher bond order of B CO-Ar and B CH2-N (Table 2) . Therefore, it can be considered that the -OH group mainly attack to C2 and C5 atoms on the benzene with positive values. 
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According to these results, we can infer that the TP V and TP VI were N-(2-[3-chloro-5-(trifluoromethyl)-2 -yridinyl]ethyl)-2-trifluoromethyl-3-hydroxy) benzamide and N-(2-[3-chloro-5-(trifluoromethyl)-2-pyridinyl]ethyl)-2-trifluoromethyl-6-hydroxy) benzamide, respectively.
Ab initio molecular dynamics simulation
What is interesting about the data in this experiments is that the TP I was also identified one of the products in photocatalytic degradation of fluopyram. In our previous study, TP I was the main product of fluopyram photolysis and hydrolysis, and it was more stable to photolysis than fluopyram (Dong and Hu 2016) . In present study, TP I was also identified in high field of 40% compared with fluopyram.
In general, therefore, it seems that the reaction of generating a cyclic organic compound (8 membered ring) at a room temperature does not occur easily. Moreover, as shown in Fig. 2 , the bond length between Cl and noted H atom was 7.29 Å in the optimized structure of fluopyram. Therefore, these results need to be interpreted with caution.
So AIMD simulations were conducted to clarify this question. After 10 ps AIMD simulation, the structural change of fluopyram were shown in Fig. 4 . As can be seen in Fig. 4 , distance between Cl and noted H atom in (d), (f) were 2.713 and 2.533 Å, respectively. It was shown that the distance between Cl and noted H atom was significantly decreased to about 2.533-2.713 Å from initial distance of 7.373 Å. These distance was enough to formation the 8 membered cyclic compound (TP I) while away a HCl. According to these data, we are found that water molecular can be important role to structural change of fluopyram, therefore, it is possible to formation of the 8 membered cyclic organic compound under the room temperature while exist water.
Photocatalytic degradation path-way of fluopyram
The correlation between the irradiation time and the peak intensities recorded by the HPLC-MS/MS were shown in Fig. 5 .
Fig. 5. Evolution profiles of fluopyram and its TPs
As shown in Fig. 5 , TP III has maximum concentration at 14 d under the experiments condition. And TP I was found to be the secondary by product achieving its maximum concentration in 7 d, and then degraded slowly to achieve its trace level in 45 d. In our previous study, TP I was the main photoproduct of fluopyram photolysis and was more stable to photolysis than fluopyram (Dong and Hu 2016). The evolution profile indicated that the presence of TiO 2 not only accelerated degradation of fluopyram but also degradation of TP II, TP V and TP VI reached their maximum of concentration around 2-3 d and decreased progressively. Although TP IV was in trace level, its concentration was nearly invariable after 7 d, which indicated that it was more persistent than other TPs and fluopyram to the photocatalytic degradation.
On the basis of the above results and assumptions, a tentative pathway for the photocatalytic degradation of fluopyram was proposed in Fig. 6 . The TPs formed in mainly three different pathways.
In the first case, pyridine-C1 bond was either the homolytic cleavage or heterolytic cleavage after photon -absorption. The homolytic cleavage of pyridine-C1 bond was strongly affected by stability of solvent. The more stable is the solvent, the higher the photodechlorination rate by homolytic pathway (SevillaMorán et al. 2014; Santos et al. 2016 ). TP I is at trace level (data not shown) in acetonitrile, an unstable solvent and hydrogen donor, after irradiating under UV-Vis, which indicate that pyridine-C1 bond was the homolytic cleavage and then intramolecular cy--------------------------------------------------- (Fig. 6 ). In the last one, fluopyram could form the radical anion after obtaining one electron, which may undergo the loss of trifluorotoluene. Attack of a proton on the radical anion yields an identified intermediate TP IV. - ------------------------------------------------- 
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The toxicity prediction results for fluopyram and its TPs are presented in Table 3 and Table 4 . As shown in Table 3 , fluopyram and TP VI are highly toxic, TP I, TP II and TP V are moderately toxic, and TP III and TP IV are non-toxic for aquatic organism. As shown in Table 4 , fluopyram and its TPs are toxic for aquatic organism.
Although the toxicity estimation values of oral rat LD 50 indicated a low toxicity for fluopyram and its TPs, all TPs were potentially more toxic than, or about as toxic as fluopyram. Moreover, the fungicide and its TPs were non-mutagenic while they showed the developmental toxicity and resistance to bioaccumulation. These data indicated that fluopyram and its TPs might cause damage to humans and wildlife. However, the oral rat LD 50 of fluopyram was >2000 mg kg -1 (European Food Safety Authority 2011), which was much higher than the prediction value. In addition, fluopyram caused thyroid tumors and liver tumors Tinwell et al. 2014 ). Therefore, in vivo and in vitro assays should be fulfilled in order to assess the toxicity of these compounds.
CONCLUSION
Six photolysis products of fluopyram in aqueous TiO 2 suspension including two products that was reported by previous our study were identified by HPLC-ESI-MS/MS and the quantum chemistry calculations. With the exception of TP I and TP II, the structures proposed for photolysis products have not been reported in previous studies. A degradation pathway was tentatively proposed based on the chemical structures and kinetics data. The toxicity predictions results showed that the TPs formed during photocatalytic degradation were potentially more toxic than fluopyram. Hence, a detailed and careful experimental ecotoxicological study of the TPs is needed to perform a suitable risk assessment.
